We describe the design, construction, and operation of a hyperspectral microarray scanner for functional genomic research. The hyperspectral instrument operates with spatial resolutions ranging from 3 to 30 m and records the emission spectrum between 490 and 900 nm with a spectral resolution of 3 nm for each pixel of the microarray. This spectral information, when coupled with multivariate data analysis techniques, allows for identification and elimination of unwanted artifacts and greatly improves the accuracy of microarray experiments. Microarray results presented in this study clearly demonstrate the separation of fluorescent label emission from the spectrally overlapping emission due to the underlying glass substrate. We also demonstrate separation of the emission due to green fluorescent protein expressed by yeast cells from the spectrally overlapping autofluorescence of the yeast cells and the growth media.
Introduction
Changes in gene expression, resulting in the production of protein, are significant components of an organism's response to factors such as environmental perturbations or disease. Measurement of a gene expression profile can therefore provide a detailed snapshot of the biological state of an organism. However, obtaining complete gene profiles for an entire organism requires measurement of the expression levels of thousands of genes, and until the development of high-throughput, parallel assays, determination of such profiles was not possible. With the advent of DNA microarray technology, [1] [2] [3] [4] [5] gene expression measurements can be performed in a highly parallel fashion, leading to greatly increased experimental throughput. In an increasing number of cases, entire genomes can be profiled. 6 Although microarrays are already widely employed in genomic research, this technology is still relatively young; many efforts are currently devoted to the improvement of all aspects of this technology to further increase sensitivity, throughput, and accuracy.
In a typical microarray experiment, [1] [2] [3] [4] glass slides are spotted with gene fragments from the organism under study with a micropen printing apparatus. The spot diameters are of the order of ϳ100 m with ϳ200-m center-to-center spacings. Each spot contains a distinct gene fragment, and up to tens of thousands of spots can be printed per slide. Messenger RNA resulting from gene expression within the organism is harvested from two cell groups: control cells ͑e.g., normal tissue͒ and experimental cells ͑e.g., cancerous͒. The messenger RNA is then transcribed to complementary DNA ͑cDNA͒ by a process that incorporates a different fluorescent tag for each of the cell groups. For example, the control cDNA might be tagged with a green fluorophore and the experimental cDNA with a red fluorophore. The two cDNA samples are subsequently mixed together and incubated on the slide so that the cDNA can hybridize with the bound DNA on the slide. During the hybridization process, the labeled cDNA in solution attaches to the complementary immobilized gene fragment located within one of the spots on the array. To measure the relative gene expression, the hybridized arrays are scanned with an instrument similar to a fluorescence microscope. 1, 2 For each fluorophore, the excitation source is chosen to coincide with its absorption band, and the emission filter passes the fluorescence in a band centered on the fluorophore's emission peak. The gene expression ratios for the two cell groups are then determined by calculation of the fluorescence ratios for the two tags for each spot on the array.
Although the current microarray technology is of great utility in functional genomics, there are still several aspects of this technology that can be significantly improved. Of interest in the current study is the operation of the microarray scanners. As described above, the current generation of scanners simply measure the band-integrated emission corresponding to the bandpass filter utilized for each scanned fluorophore. 1, 2 This measurement approach has several significant drawbacks. First, to minimize cross talk, the two fluorescent tags must be chosen such that there is no spectral overlap of their emission spectra and minimal overlap of their absorption spectra. In principle, microarray measurements could be performed with three or more cell groups or experimental conditions ͑hence requiring three or more tags͒, leading to even higher throughput for gene expression profiling. However, in practice it is extremely difficult to identify sets of three or more tags that possess a sufficient degree of spectral separation, and a separate laser wavelength is required for each tag.
A second drawback of the current scanner measurements is associated with the univariate nature of the measured data: There is no reliable mechanism to determine if the recorded data have been corrupted by extraneous emission sources. The presence of such sources can greatly compromise the determination of expression ratios for weakly expressed genes. Extraneous sources can include emission from the glass substrate, emission from residual impurities from the array printing process, and cross talk associated with other fluorescent tags. 7 For background removal, current scanners typically image the fluorescence with high spatial resolution ͑ϳ2-10 m͒. Computer algorithms are then employed to accurately determine the perimeter of each spot on the array, and the signal in regions immediately adjacent to each spot is used for background subtraction. 8, 9 This approach, although acceptable for uniform background emission, fails with spatially varying background emission and if the signal around a spot is not representative of the background within the spot area. 7 In this paper we describe the design, construction, and operation of a hyperspectral microarray scanner and we address the shortcomings mentioned above. In contrast to conventional scanners, the new hyperspectral scanner records the entire emission spectrum for each pixel of the image. Measurement of full spectral information provides several key advantages, particularly when coupled with multivariate data exploitation. Because multivariate techniques can accurately determine the contribution of highly overlapping emission sources, the requirement for widely separated absorption and emission of the tags is lifted. This leads directly to the ability to probe more than two tags, with a single laser, within a single scan. In addition, with multivariate analysis we can identify and remove all extraneous emission from the array data, even in cases in which the extraneous emission exhibits large spatial variations ͑for example, emissions from spot-localized impurities͒. It should be emphasized that, under ideal conditions of widely separated tag emission and no impurity emission, filter-based and hyperspectral instruments should exhibit comparable signal-to-noise ratio ͑SNR͒ performance. The primary advantages of the hyperspectral instrument are the ability to separate the contributions of multiple, highly overlapping fluorescent tags and the ability to detect and remove impurity emission.
The application of hyperspectral imaging to biological systems has been of increasing interest over the past several years, and a number of hyperspectral instruments have been described in the literature. 10 -13 These include a full-field imager with a Sagnac interferometer for spectral measurement 11 ; confocal instruments 12 ; and a lineillumination, pushbroom system. 10 The results obtained with these instruments demonstrate the many advantages of hyperspectral technology. However, for the most part, these instruments were optimized for high-spatial-resolution imaging of biological samples and not for high-throughput, highsensitivity, wide-area imaging. The hyperspectral scanner described in this paper has been specifically optimized for microarray scanning.
This paper is organized as follows. First, important performance requirements and design trade-offs are discussed. In particular, the need for high sensitivity and high acquisition speed are emphasized. Next, detailed descriptions of the design, construction, and operating principles of the new scanner are presented. Results obtained with the hyperspectral scanner are then presented, including measurements of image quality and sensitivity, as well as actual microarray measurements. Finally, the operation of the new scanner as a general-purpose hyperspectral imaging instrument is briefly mentioned.
Design Considerations
Commercially available microarray scanners are fast and sensitive. 1 These instruments are capable of scanning a 20 mm by 60 mm region at a resolution of ϳ10 m for a total of ϳ10 7 data points per fluorescent tag in approximately 5 min, implying a single-pixel acquisition time of ϳ30 s. A single-pixel datum is recorded with 16-bit resolution, and minimumdetectable concentrations are specified to be of the order of 0.1 fluorophore ͑fluor͒͞m 2 . Although a hyperspectral scanner is, by definition, required to acquire a significantly larger data set-the entire emission spectrum at each pixel-it cannot do so at the expense of speed and sensitivity. The primary trade-off that was chosen for the current design was to decrease the spatial resolution ͑i.e., increase the pixel size͒ to keep data rates reasonable. The instrument is capable of acquiring images at ϳ3-m resolution; however, for microarray applications, 30-m resolution is usually acceptable and leads to shorter scan times. One of the primary drivers for the 10-m ͑or better͒ resolution of the commercial scanners is the need to accurately define the spot perimeter so that the background can be sampled in the immediate vicinity of the spot. 8, 9 The full spectral data provided by the hyperspectral scanner, when coupled with multivariate data analysis techniques, allows the background to be modeled and removed for all pixels within the scanned image; thus the need to record the image at a high spatial resolution is relaxed.
An extremely important issue to consider in the design of a scanner is the photochemical stability of the organic chromophores used to tag the cDNA. Degradation, or bleaching, of the chromophores is commonly observed when slides are scanned multiple times or with high-intensity excitation. Numerous studies have shown that, at fixed excitation intensity, the probability of irreversible photobleaching is proportional to the number of absorption or emission cycles a fluorescent molecule undergoes. 14 Typical values 14 for the number of cycles before degradation are of the order of 10 5 -10 6 . Thus any sensitivity increase obtained by an increase in the excitation flux will be offset by a reduced lifetime of the chromophore. A notable exception to this behavior is the class of newly developed semiconductor quantum dots that are highly resistant to photochemical bleaching and are beginning to see application in biological labeling. 15 The philosophy adopted in the current study is to consider the total number of photons that can be emitted by each tag molecule before degradation as a strictly limited quantity. This leads directly to the strategy of maximizing both the photon collection efficiency and the detection efficiency. The incident excitation flux can then be adjusted to ensure the detection of a sufficient number of photons within one sampling period. The photon collection efficiency increases as the square of the numerical aperture ͑NA͒ of the primary objective. Therefore it is advantageous to utilize the highest NA objectives available for the desired magnification. In general, NA increases with magnification; however, the maximum magnification that can be employed will be limited by other system requirements ͑for example, scan times will become prohibitively long for extremely high magnification͒. In addition to collecting the fluorescence at high NA, it is imperative to utilize a high-throughput optical system to deliver the collected photons to the detector and to use a high-sensitivity, low-noise detector.
Although many scan architectures have been demonstrated for hyperspectral imaging, the specific requirements for microarrays quickly narrow the possible choices. For example, the requirement of high detection efficiency prohibits use of wavelength scanning systems for which all photons whose wavelengths do not match the current scan wavelength are wasted. Point-focus raster-scanning instruments, such as confocallike systems, can be employed for hyperspectral imaging, but for microarray applications would require rapid motion of the microarray or laser scanning system. In addition, such systems will require spectral detection with an extremely high readout rate, high-sensitivity detector array. As described in Section 3, a line-excitation, pushbroom scan architecture was adopted for the hyperspectral microarray scanner. This arrangement enables rapid array scanning, maintains reasonable scan velocities ͑ϳ1 mm͞s͒, and allows use of highperformance charge-coupled device ͑CCD͒ detector arrays.
Hyperspectral Scanner Design
In a pushbroom hyperspectral fluorescence imaging system, the excitation source is focused to a line at the plane of the sample. The optical system then images the illuminated region onto the entrance slit of an imaging spectrograph, which in turn projects a spectrally dispersed image of the line onto a twodimensional ͑2-D͒ detector array. Each data frame obtained in this manner contains the emission spectra corresponding to all points along the lineilluminated region of the sample ͑the y direction, see Fig. 1͒ . To obtain a full 2-D image, multiple data frames are recorded with the sample's position along the x direction ͑i.e., perpendicular to the line of illumination͒ incremented for each frame. Once the full region of interest is scanned, the data can be assembled into a data cube containing the full emission spectrum for each ͑x-y͒ location on the sample. Figure 2 shows the layout of the hyperspectral microarray scanner. The optical system was constructed on an optical breadboard ͑Newport Corporation͒ and primarily employed a commercial lens and mirror mounts ͑Newport Corporation͒. Because of its modular construction, a variety of lasers can be placed on the breadboard to serve as excitation sources. The microarray results presented in this paper were obtained with 532-nm excitation provided by a 25-mW frequency-doubled solid-state Nd:YVO 4 laser ͑Crystal Laser͒. In addition, an air-cooled argon-ion laser ͑Ion Laser Technology͒ was utilized to produce 25 mW of 488-nm excitation for green fluorescent protein ͑GFP͒ imaging. The laser fluence is adjusted to fit experimental conditions by use of a filter wheel populated with a set of neutral-density filters.
The desired line illumination is obtained when the laser is directed through a Powell lens 16, 17 ͑Stocker-Yale͒. This optic is similar in appearance to a prism; however, the apex is slightly rounded with the contour containing a conic constant. 17 The apex contour causes the TEM 00 laser mode to be redistributed into a diverging fan of light that will produce a uniform intensity line at the focus of a converging lens. Achieving high-quality line illumination is simpler with a Powell lens than with scanning mirror systems, which would be required to operate at extremely fast scan rates and which produce only uniform illumination near the center of the scan line. The Powell lens approach is also more efficient than approaches based on cylindrical lenses that require beam expansion and truncation for the production of uniform lines. Generation of a highly uniform line illumination with a Powell lens requires that the input laser mode size match the mode size for which the lens was designed. This was achieved by means of adjusting the optical path length between the laser output and the Powell lens. The 3.6°fan angle produced by the Powell lens is slightly modified with a simple telescope to adjust the line length to 1.6 mm at the focus of a 10ϫ objective ͑ f ϭ 20 mm͒.
A dichroic beam splitter ͑Chroma Inc.͒, characterized by high reflectivity at the laser wavelength and high transparency at longer wavelengths, is used to direct the diverging fan of light through the primary objective. We obtained the results presented in this paper using an infinity-corrected 10ϫ, NA 0.45, apochromatic objective ͑CFI Plan Apochromat 10ϫ, Nikon Inc.͒ as the primary objective. For higherresolution fluorescence microscopy applications, a 20ϫ, NA 0.75, apochromatic objective is also available ͑CFI Plan Apochromat 20ϫ, Nikon Inc.͒. These objectives were chosen for three reasons. First, they possess high NAs for their magnifications, thereby providing higher collection efficiencies. Second, by virtue of their apochromatic color correction they minimize chromatic aberration effects in the hyperspectral data. Third, these objectives exhibit fairly long working distances that reduce the potential for inadvertent contact with the microarray slides.
The 10ϫ primary objective focuses the incident laser light to a line 1.6 mm long and 8 -10 m wide at the surface of the microarray. The microarray slide is mounted on a computer-controlled X-Y scan stage that is capable of 100 mm of travel in both the x and y directions and has a resolution of 0.5 m. The flatness of the stage motion ͑less than Ϯ2 m͞100 mm of travel͒ combined with the relatively large depth of focus of the ϳ10-m-wide laser line and the slight oversizing of the slit ͑100 m͒ render this arrangement relatively immune to Z-axis variations during scanning. Fluorescent photons emitted from the line-illuminated area are collected by the primary objective and directed through the dichroic filter toward the imaging system. A holographic notch filter ͑Kaiser Inc.͒ matched to the laser wavelength is utilized to eliminate unwanted scattered and reflected laser light. The fluorescent light then passes through an f ϭ 200-mm tube lens ͑Nikon Inc.͒, which produces an intermediate line image of the fluorescing sample. For direct video imaging of the sample, the intermediate image can be directed onto a video CCD camera ͑XC-ST50, Sony Inc.͒ by means of a mirror attached to a pop-up mount. Otherwise the line image is relayed to the entrance slit of an f͞3 imaging spectrograph ͑CP200, ISA Inc.͒ by means of a 0.6ϫ reducing lens ͑HRP060-CMT, Diagnostic Instruments Inc.͒. The optical system illuminates the spectrograph at f͞6, somewhat underfilling the grating. The spectrograph is equipped with a 133-line͞mm concave holographic grating that projects a spectrally dispersed image of the entrance slit onto Fig. 1 . ͑Top͒ Diagram of the illumination and scan geometries for the hyperspectral scanner. The microarray is scanned in the x direction, whereas the y direction is parallel to the focused line of laser light as well as the spectrograph entrance slit. ͑Bottom͒ Illustration of a data cube comprising a complete emission spectrum from each spatial pixel of the 2-D image. 
A CCD detector located at the focal plane of the spectrograph records the spectral and spatial data. For sensitive detection of low-level fluorescence at high readout speeds, a CCD detector enhanced with on-chip electron multiplication ͑DV465, Andor Technologies͒ is used. This camera differs from traditional CCD systems through the inclusion of a serial gain register between the usual serial register and the charge detection node. 18, 19 Electrons are clocked through the gain register with larger voltages than normal clock voltages, which results in the generation of additional electrons through impact ionization. Adjusting the magnitude of the high-voltage clock phase controls the total electron gain obtained during traversal of the entire length of the gain register. In this manner, the total output charge corresponding to a single photoelectron can be adjusted to a level greater than the detector read noise. The excess noise associated with the on-chip gain increases the signal variance by a factor of 2 relative to the shot-noise-limited variance. 20 This is to be compared with the excess noise factors of 1.2-1.4 characteristic of the photomultiplier tubes used in commercial confocal scanners. 21 The utilization of this type of on-chip gain is particularly advantageous for applications such as microarray scanning that require high readout rates because the increased read noise associated with high-speed operation can be offset by the electron gain. In this manner, lowlight-level images can be obtained even at high readout speeds. The CCD detector in the hyperspectral imager was operated at a readout rate of 1 MHz and with an electron gain of approximately 20.
The DV465 detector is a frame transfer device with 576 pixels along the spectral direction and 288 pixels along the y direction. Individual detector elements are 20 m long by 30 m high. The 11.5-mm length of the detector in conjunction with the dispersion of the 133-lines͞mm grating allow for a spectral coverage of 490 -900 nm. The effective spectral resolution of the spectrograph-detector system with a 100-m entrance slit was measured to be approximately 3 nm ͑full width at half-maximum͒ by use several spectral lines from low-pressure krypton and neon lamps. The 8.6-mm height of the detector along the y direction ͑the slit direction͒ corresponds to a length of 1.4 mm on the microarray sample. With the 10ϫ objective, 30-m spatial resolution corresponds to six fold on-chip pixel binning along the vertical direction ͑two fold binning for 10-m spatial resolution͒. The entrance slit is slightly oversized relative to the ϳ60-m-wide image of the illuminated region of the sample. Such oversizing could potentially cause spectral artifacts if the illuminating line is not straight or moves with time. However, use of the Powell lens results in a uniform, straight, and stable line illumination and thereby prevents these spectral artifacts.
The hyperspectral microarray scanner is operated under computer control by a Cϩϩ control application. The application reads the user input such as the size and location of the scan region, the scan rate, and the binning parameters for the detector. A sequence of programming instructions is then downloaded to the digital signal processor-based controller board for the X-Y stage system. The stages are scanned along the x direction at constant velocity, and the stage controller issues tightly synchronized trigger pulses at regular intervals corresponding to the desired spatial resolution. The trigger pulses from the stage controller are used to initiate frame transfer and readout of the CCD detector. At the conclusion of each x scan, the stage position is incremented in the y direction and a new x scan is initiated. The y increment is typically 1.0 mm with the 10ϫ objective. After the entire region of interest has been scanned, the scan data are written to the computer's hard disk. A full microarray scan of 20 mm ϫ 60 mm at 30-m resolution generates approximately 3 Gbytes of data. Another Cϩϩ based application is then used to visualize the data cube.
Hyperspectral Image Analysis
Prior to multivariate analysis of the hyperspectral data, calibration data frames are acquired with the laser source replaced by low-pressure discharge lamps ͑krypton and neon͒. The spectral lamp data are used to calibrate the wavelength scale and to remove the effects of image curvature caused by the spectrograph. Multivariate curve resolution ͑MCR͒ techniques are then used to analyze calibrated, curvature-compensated data. 22, 23 A thorough discussion of the MCR analysis is beyond the scope of this paper and is presented elsewhere. 22, 23 Briefly, MCR is a powerful multivariate method that allows the emission spectra of all components ͑including species for which no a priori information is available͒ to be separately estimated and their relative concentration maps to be determined, even when the emitting species are highly overlapped spectrally or spatially. MCR analysis can fail in the case of strongly covarying components ͑i.e., components that appear everywhere with the same relative concentrations͒; however, this is highly improbable with microarrays. Independent concentration maps obtained from the MCR analysis are 2-D images representing the spatial location and the relative concentration of each of the emitting sources. Thus MCR is ideal for analysis of hyperspectral microarray data. The particular implementation of MCR used in the present study is a constrained alternating least-squares analysis that iteratively solves for the pure emission spectra and the relative concentrations of each of the emitting components. 22 Figure 3 presents examples of the image quality obtained with the hyperspectral microarray scanner. Figure 3͑a͒ is an image of a U.S. Air Force standard resolution target obtained by broadband illumination, with the scanner set for 10-m spatial resolution. As can be seen from the image, element 6 of group 4 of the resolution target, corresponding to ϳ30 line pairs͞mm, is resolved in both the horizontal and the vertical direction. The image presented in Fig.  3͑b͒ was obtained under identical conditions as that in Fig. 3͑a͒ , with the exception that the vertical binning of the CCD detector and the trigger interval along the x direction were adjusted for 30-m resolution. As expected, the decreased resolution has blurred all the high-frequency spatial detail, with even the coarsest lines ͑element 1 of group 4, 16 line pairs͞mm͒ only partially resolved. However, as mentioned in Section 1, the size and spacing of the printed DNA spots on the microarray are of the order of 100 m and should be easily resolved with 30-m resolution. The spectrally integrated microarray images shown in Figs. 3͑c͒ and 3͑d͒, obtained with the scanner set for 10-and 30-m resolution, respectively, confirm this assertion. Although the image obtained at 30-m resolution does appear more pixilated than the 10-m image, sufficient detail remains to clearly identify the spot boundaries. The coffee-ring structure of the microarray spots ͑i.e., highest intensity near the circumference of the spots͒ is a common feature of microarrays produced by micropen printing. Note that both the acquisition time and the data file size for the 10-m resolution image are nine times larger than that of the 30-m resolution image. Under normal conditions, 30-m resolution hyperspectral images can be obtained with a linear x-scan velocity of 0.4 mm͞s, corresponding to an ϳ75-ms exposure time. Note that use of a frame transfer device is advantageous in this application because the readout of a given frame and exposure of the subsequent frame occur simultaneously. At the 0.4-mm͞s scan velocity, data-acquisition rates are approximately 1.5 Mbytes͞s. The maximum x-scan velocity for a desired spatial resolution is currently limited by the detector readout time and can be improved to 4 mm͞s through use of faster detector systems ͑10-MHz systems are now available͒. With a 10-MHz detector, a 60 mm by 20 mm microarray can be scanned in 5 min by the hyperspectral scanner. Thus, at these acquisition speeds, the hyperspectral scanner will be comparable in speed to commercial scanners. In addition, the ability to measure more than two fluorophores by a single excitation wavelength within a single scan further enhances the throughput of the hyperspectral scanner.
System Characterization
The sensitivity of the hyperspectral scanner was characterized by commercially prepared standards 24 containing a dilution sequence of Cy3 spots. Cy3 is a cyanine dye with an absorption maximum at 550 nm and an emission maximum at 570 nm that are commonly used in microarrays. 1 Each spot in the sequence contains a different areal concentration of Cy3 fluorophores, with concentrations ranging from 0.01 to 6200 fluors͞m 2 . Figure 4 shows the average raw emission spectrum, the average background ͑glass͒ emission, and the average difference spectrum obtained from a spot with a Cy3 concentration of 48 fluors͞m 2 . The background emission spectrum arising from the glass substrate was measured for a region immediately adjacent to the Cy3 spot. To obtain an estimate of the sensitivity of the scanner, the difference spectrum from each of the spots was band integrated from 558 to 595 nm. The results, shown in Fig. 5͑a͒ show that the integrated signal counts decrease with the fluorophore concentration in a linear fashion and that, even for a concentration as low as 1.5 fluor͞m 
where n s is the average number of counts obtained from the spot of interest, n b is the average number of background counts obtained in regions not containing any fluorophores, and b is the pixelwise standard deviation of the background regions. Typically a SNR of 3 is considered as the detection limit for a fluorophore. The dependence of the SNR on the fluorophore concentration is shown in Fig. 5͑b͒ . For each Cy3 spot, a region of the background in the immediate vicinity of that spot was used to determine the average and standard deviation of the background emission. In this way, effects due to large length-scale variations in the illumination or collection efficiency are minimized. Also shown in Fig.  5͑b͒ is the SNR that we obtained using the same reference slide with a commercial confocal scanner.
It is difficult to directly compare the two data sets because of the differences in the intensity of the laser excitation, spatial resolution, and differing scan speeds. However, it is clear from the data of Fig.  5͑b͒ that the hyperspectral scanner is capable of comparable ͑if not better͒ SNR performance as that of the commercial instrument. It must be emphasized that the analysis of the hyperspectral data ͑i.e., simple band integration͒ was chosen to allow the closest comparison with filter-based scanners. Full, multivariate analysis of the data will further increase the SNR performance and accuracy of the hyperspectral scanner, particularly in cases in which single or multiple impurity emission sources are present and overlap with the emission of the fluorophore labels. Although commercial scanners are specified to have sensitivities of the order of 0.1 fluor͞m 2 , in practice sufficient SNR for detection is almost never achieved at this concentration. This is also true for the hyperspectral scanner if multivariate analysis is not employed. The primary factor that limits the measured SNR ͓as defined by Eq. ͑1͔͒ is not the instrument sensitivity ͑n s ͒, but the background emission due to the glass substrate ͑n b and b ͒. Sensitivities of the order of 0.1 fluor͞m 2 are readily achievable for both types of scanner; however, doing so requires multivariate analysis in the case of hyperspectral data or emission-free substrates in the case of univariate data. Figure 5͑a͒ shows that the hyperspectral scanner measured n s Ϸ 3000 signal counts ͑after background subtraction͒ for a concentration of 1.5 fluor͞m 2 ; however, because of the strong glass emission, the SNR is only 7.5. Significant improvements in the SNRs, as defined by Eq. ͑1͒, could be obtained immediately for both the hyperspectral scanner and the commercial scanners by use of emission-free substrates such as fused silica. However, to date, most commercial microarray substrates are glass slides with substantial emission. Figure 6 shows an image of a yeast genome microarray slide ͑GAPSII, Corning, Inc.͒ hybridized with Cy3-and Cy5-tagged cDNA. Note that, because this image is generated from a hyperspectral data cube, each pixel of the image contains an entire emission spectrum. The graphs inset in Fig. 6 show the raw emission spectra corresponding to several locations of the image. Within the printed DNA spots, the spectra are representative of differing relative concentrations of the Cy3 and Cy5 fluorophores, whereas in the region between the spots emission from the glass slide is clearly resolved. Note that emission from the cyanine dye Cy5 at ϳ670 nm is observed even in this case where the laser wavelength is not optimized for excitation of Cy5 ͓the absorption maximum of Cy5 occurs at 649 nm ͑Ref. 1͔͒. In an ideal hyperspectral microarray experiment, multiple fluorophores with strongly overlapping absorption spectra would all be excited by a single laser wavelength and quantitated in a single scan. In addition to the observation of emission from the substrate glass of the commercially prepared microarray, other initial studies 7 have revealed emission from a spot-localized impurity whose emission spectrum strongly overlapped with that of Cy3. Although this does not present a difficulty for the hyperspectral scanner coupled with MCR analysis, conventional scanners are incapable of separating such an extraneous emission source from the true Cy3 emission.
Selected Results
The increased throughput possible with the hyperspectral scanner has been tested with two closely overlapping dyes ͑Cy3 and Alexa 532͒ printed on a glass slide at various concentrations of pure and mixed dyes. The MCR analysis of the spectra obtained from this slide demonstrates the ability of the scanner to separate and quantify these two dyes even though their emission maxima are separated by only 12 nm. Figure 7 shows the separated concentration maps of the two dyes and the pure-emission spectra extracted for the glass, Cy3, and Alexa 532. These results clearly demonstrate the potential for higherthroughput capabilities with gene expression microarrays with multiple overlapping dyes. Although there are many dyes available that could readily be incorporated in microarray processes, they have not traditionally been used in microarrays. Direct demonstration of the ability of the hyperspectral scanner to dramatically increase microarray throughput currently awaits the generation of the hybridized microarray slides incorporating more than two overlapping dyes.
Although the hyperspectral scanner was specifically designed for microarray applications, it has shown great utility as a general-purpose hyperspectral imager. As a demonstration, images of live yeast cells expressing GFP while immobilized within a microfluidic channel were obtained with a 488-nm excitation wavelength and 10-m spatial resolution. Galactose-based growth media were conducted through the channel to stimulate the GFP production and to maintain cell viability. Although the spatial resolution used for these measurements was not sufficient to resolve the features of individual yeast cells, it was sufficient to observe the clumps of cells abutting the packing material within the channel. Although the yeast cells are expressing GFP in the steady state, the GFP emission was almost impossi- Results of a hyperspectral scan and multivariate analysis of a microarray containing two spectrally overlapping fluorophores. In this microarray, the top four spots contained only Cy3, the middle four spots contained only Alexa 532, and the bottom four spots contained a mixture of Cy3 and Alexa 532. ͑Top͒ The emission spectra of Cy3 ͑dashed curve͒, Alexa 532 ͑solid curve͒, and the glass substrate ͑dotted curve͒ obtained from the MCR analysis. ͑Bottom͒ The relative concentration maps obtained from the MCR analysis demonstrate the ability to separate the two overlapping fluorophores.
ble to observe directly because of significant autofluorescence from the growth media. Figure 8 shows a typical emission spectrum obtained from the sample containing an admixture of GFP emission and autofluorescence. Note that the strength of the GFP emission is, at best, comparable to that of the autofluorescence in this spectrum. Application of the MCR algorithms to the raw image data yielded the pure-component spectra for the GFP and autofluorescence shown in Fig. 8 , as well as the concentration maps shown in Fig. 9 . Significant concentrations of GFP are observed only in the vicinity of the yeast cells whereas the emission from the growth media is observed everywhere throughout the channel. Observation of GFP emission in the presence of autofluorescence or other impurity emissions is an outstanding problem in bioimaging. [25] [26] [27] This example clearly highlights the advantage of combining hyperspectral imaging with multivariate data analysis tools for bioimaging applications.
Conclusion
We have described the design, construction, characterization, and application of a new hyperspectral microarray scanner that records the entire emission spectrum for each pixel of the imaged area. The new scanner uses a pushbroom scan architecture with the line focusing of the excitation laser achieved by a Powell lens system and also uses a high-sensitivity electron multiplying CCD array to record the spectral and spatial data. In normal operation, the hyperspectral scanner records data at a 30-m spatial resolution. Although this is lower than the spatial resolution of commercial scanners ͑ϳ5-10 m͒, this resolution is sufficient to resolve the printed DNA spots of the microarray, and use of multivariate background compensation circumvents the need for higher spatial resolution. Characterization of the hyperspectral scanner with commercially prepared dilution standards 24 shows that its sensitivity and SNR performance are comparable to, or better than, those of a commercial scanner. With use of new high readout rate CCD detectors, the scan speed of the hyperspectral scanner can be comparable to the speed of commercial instruments.
We have also demonstrated that analysis of hyperspectral data with multivariate techniques allows for quantitative separation of the contributions of multiple, spectrally overlapped fluorophores. This leads to the ability to measure more than two spectrally overlapping dyes in a single scan ͑by use of a single excitation laser wavelength͒ and to quantitatively analyze the concentrations of all the emitting species. We are currently developing microarray protocols that will employ more than two fluorescent labels that can be excited with a single laser wavelength to demonstrate the improved throughput of the hyperspectral scanner. In addition, we have shown that hyperspectral data, when combined with multivariate analysis techniques, allow for the identification and removal of extraneous emission sources such as substrate and impurity emission, even when these sources are spatially varying. Spatially varying impurity emissions are difficult to detect with commer- Fig. 8 . Emission spectra obtained from a hyperspectral scan and MCR analysis of yeast cells expressing GFP. An average raw emission spectrum containing contributions from the GFP and autofluorescence from the growth medium is shown, along with the primary pure-component spectra of GFP emission and the autofluorescence obtained from the MCR. cial ͑univariate͒ scanners and can significantly degrade the results of microarray measurements obtained with these instruments. Finally, we have demonstrated that the hyperspectral scanner can be used as a general-purpose bioimaging system and have shown that hyperspectral techniques are effective for separating GFP emission from large autofluorescence backgrounds.
